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Abstract. We demonstrated two ballistic imaging for an object hidden behind turbid media using the optical Kerr
gate (OKG) and spatial filtering (SF), respectively. The influence of the scattering parameters of the turbid media
on the image contrast was investigated. The experimental results showed that the image contrast of the SF
imaging decreased significantly with increasing optical density and scattering particle size of the turbid
media. Compared to the SF imaging, the OKG imaging showed a higher and more stable image contrast as
scattering photons in the optical gated imaging case were more effectively eliminated. © 2014 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.53.9.093102]
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1 Introduction

Ballistic imaging based on an ultrafast optical Kerr gate
(OKG) was first demonstrated by Alfano et al. for the visu-
alization of objects hidden behind turbid media.' Recently, a
ballistic imaging technique has attracted great interest in
investigating biological tissues,” liquid jets,” and high-speed
fuel sprays.* As mentioned in Ref. 1, when a laser pulse tran-
sits such a highly turbid media over a straight course, most of
the photons participate in multiple scattering interactions.
The numerous scattered photons take the longest path in the
turbid media and seriously degrade the quality of image as
imaging noise. Only a few of photons, called ballistic pho-
tons, pass through in a straight line without being scattered.
The ballistic photons take the essential information of the
object in the turbid media. Additionally, some slightly scat-
tered photons, called snake photons, are minimally disturbed
through the scattering media and can also be used in imag-
ing. Thus the critical problem in ballistic imaging is selecting
the ballistic and snake photons and eliminating the scattering
photons. >

In view of the above, image-bearing photons consist
of ballistic photons and snake photons which take shorter
path than diffuse photons. Therefore, OKG imaging em-
ployed a short time gate with which to observe the object
hidden in the turbid media; these methods have been widely
investigated.””' On the other hand, the scattered photons
could scatter over wide angles relative to the direction of the
ballistic photons. The ballistic, snake, and scattering photons
belong to different spatial frequency components on the
Fourier-transform spectrum plane of the collection lens in
the imaging system.'! Ballistic and snake photons are formed
at the central frequency region of the Fourier-transform
spectrum plane as low-frequency components. Therefore,
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spatial-filtering (SF) imaging using a low-pass filter (LPF)
could improve the visibility of an object in turbid media.''~'?
Moreover, the combination of OKG imaging and SF imaging
has also been demonstrated to more effectively improve the
visibility of objects hidden in turbid media.'* In OKG imag-
ing, a transient aperture could be usually induced because of
the nonlinear optical effect between the pump beam and
the optical Kerr medium, and the SF resulting from the tran-
sient aperture would act on the optical imaging along with
the OKG. However, for OKG imaging and SF imaging, the
scattering parameters of the turbid media have different
influences on the image contrast, therefore, the understand-
ing of these influences is important for their applications.'
In this paper, we demonstrated the performance of OKG
imaging and the SF imaging for different turbid media,
respectively. The experimental results showed that the image
contrast of the SF imaging significantly decreased with
increasing optical density (OD) and scattering particle size
of the turbid media. Compared to the SF imaging, a higher
and more stable image contrast can be obtained with the
OKG imaging technique. This study indicated that OKG
imaging was an effective method for highly turbid media.

2 Experimental Setup

Figure 1(a) shows the experimental setup scheme of bal-
listic imaging using the OKG. A Ti:Sapphire laser system
(Coherent Inc., Santa Clara, California, Libra-USP-HE) emit-
ting 50 fs laser pulses centered at 800 nm at a repetition rate of
1 kHz was used in our experiments. The output of the laser
beam was split into two beams by a short-pass filter (SPF:
Newport Inc., Santa Clara, California, 10SWF-800-B). The
central wavelengths of the two beams were about 780 and
800 nm, respectively. Passing through a variable optical
delay line, the short wavelength part was focused onto an
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Fig. 1 Experimental setup scheme of ballistic imaging: (a) the optical
Kerr gate (OKG) imaging and (b) the spatial-filtering (SF) imaging. FL,
femtosecond laser; SPF, short-pass filter; LPF, long-pass filter; 1/2,
half-wave plate; M, mirror; and L, lens.

optical Kerr medium as the gating beam by a lens (L3). A half-
wave plate was introduced into the gating beam to make the
angle of the polarizations between the pump and the probe
beams 7 /4 for maximum gating efficiency.

The long wavelength part was reflected by the SPF and
passed through a turbid media as the probe beam, which was
modulated by a resolution test pattern (a United States Air
Force contrast target) before the sample cell. The disturbed
photons were collected by a 10-mm focal-length lens (L1)
and passed through the OKG which consisted of a pair of
polarizers with a Kerr material between them. A 1-mm thick-
ness tellurite glass was used as the Kerr medium and was
placed at the back focal plane of L1. Since the nonlinearity
of the tellurite glass mainly originated from the electronic
polarization, the tellurite glass has a nonlinear response
time as short as tens of femtoseconds.'® In the OKG imaging
system, the laser pulse was broadened by the complex
elements and the full-width at half-maximum of the time-
resolved optical Kerr signals of the tellurite glass was mea-
sured to be about 200 fs.® Moreover, the tellurite glass has
a large nonlinear refractive index of ~10~!> cm?/W and
a wide transparency window of 400 to 2000 nm. Thus, the
tellurite glass could offer high temporal resolution, high
signal-to-noise ratio, and a wide applicable wavelength

range for the OKG imaging. By adjusting the optical delay
line, the multiply scattering photons were suppressed and the
ballistic photons were imaged with a high resolution CCD
camera (Lumenera Inc., Canada, Ottawa, INFINITY 3-1).
A LPF (Newport Inc., I0LWF-800-B) was inserted before
the CCD and was used to eliminate noise photons generated
by the gating beam scattering in the Kerr medium. In this
experiment, the turbid media were monodispersive suspen-
sions of polystyrene microspheres (Sphere Scientific Co.,
Ltd., China, Wuhan) in deionized water, and were filled
into a 1-cm path length sample cell. The ODs of different
turbid media were controlled by adjusting the concentrations
of polystyrene microspheres suspensions and were measured
by the collimated transmittance approach with a detection
acceptance angle of 0.16 deg.!”

The optical system of SF imaging was set up by replacing
the Kerr medium with an aperture at the back focal plane of
the L1, as shown in Fig. 1(b). Without turbid media, the
diameter of the laser beam at the back focal plane of L1 was
measured to be about 260 um (intensity decay 1/e?) using
the knife-edge method.'® This meant that the spot size of the
ballistic photons on the Fourier-transform spectrum plane
was about 260 ym. To avoid a blurred image due to small
aperture blocking of the high-frequency component of the
image, we used an aperture with a diameter of 300 ym in the
SF imaging system. It should be noted that the pump beam
was also able to induce a transient aperture with the nonlinear
optical effect in the OKG, and the OKG was actually a com-
bined temporal and spatial gate. Therefore, to truly present
the different performances of the OKG imaging and the SF
imaging, the spot size of the pump beam at the Kerr medium
was set to be about 340 ym in the OKG imaging system.

3 Experimental Results and Discussion

Figure 2 shows a typical imaging result under different con-
ditions with the suspensions of 15.0 ym polystyrene micro-
spheres. Without the SF or the OKG, the object was directly
imaged and is shown in Fig. 2(a). The image of the object is
seriously disturbed due to the number of scattered photons
that were imaged as noise. Figure 2(b) shows the image
of the object hidden in the turbid media using the SF. The
object was rendered visible by eliminating part of the scat-
tered photons, but the contrast of the image was still unsat-
isfactory. Figure 2(c) shows the time-gated ballistic imaging
using the OKG. We found that the OKG imaging greatly
improved the visualization of the object because the OKG
eliminated the scattered photons very well.

(@)

(b)

()

Fig. 2 Comparison of the images of object under the different conditions: (a) direct imaging without
the SF or the OKG, (b) SF imaging, and (c) OKG imaging.
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To further quantitatively evaluate the performance of the
two ballistic imaging techniques, we calculated the contrast
of images in a 1.41-line pair/mm section of the resolution
test pattern as shown in the boxes of Fig. 2. The contrast
of the images was calculated with the following formula
contrast = (I, — I,)/(I; + I,), where I, is the average
image intensity of the unshadowed parts in the square-wave
pattern region and I, is the average image intensity of the
shadowed parts in the square-wave pattern region.

Figure 3 shows the contrast of images for the OKG im-
aging, the SF imaging and the direct imaging for the turbid
media of 0.4, 3.1, and 15.0 um polystyrene microspheres
suspensions, respectively. We can see that the contrast of
images for the direct imaging is much smaller than that
for the OKG imaging and SF imaging at the same ODs.
With increasing scattering particle size, the contrast of
the images for the direct imaging gradually became poor.
For the 0.4 ym polystyrene microspheres suspensions, the

1.2
—0o— OKG imaging
1.0+ —e— SF imaging
—a— Direct imaging
7]
©
= 06+
c
Q
O 04}
ozl .——/'—/.\l\.
00 1 1 L 1 1 L 1
8.0 85 9.0 9.5 10.0 10.5 11.0 11.5 12.0
oD
(a)
1.2
—o— OKG imaging
1.0} —e— SF imaging
—=— Direct imaging
— 0.8r D\D\D\D\D
S
S 06}
c
@]
O 04t
ol \'\\\
00 1 1 1 1 1 L 1
6.0 65 70 75 80 85 9.0 9.5 10.0
oD
(b)
1.2
—o— OKG imaging
10r —e— SF imaging
—=— Direct imaging
0.8}
7 D\D\ﬂ\g__—u
®© 0.6}
5 04
8¢
0.2}
00f ®=——=— = = =

6.0 65 70 75 80 85 9.0 95
oD
(c)

Fig. 3 Contrast of images for different imaging methods and diameter
of scattering particles versus ODs: (a) 0.4 um, (b) 3.1 um, and
(c) 15.0 um.
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contrast of the images was about 0.30 when varying the
ODs from 8.3 to 11.6. The contrast of the images decreased
from 0.40 to O when varying the ODs from 6.3 to 9.6 for the
3.1 um polystyrene microspheres suspensions. The contrast
of the images was almost zero for the 15.0 ym polystyrene
microspheres suspensions. This occurred because, according
to the Mie theory, the probability of angular distribution of
scattering photons was different for these turbid media.'*?
Figure 4 shows these polar plots using a logarithmic scale of
scattered intensity versus scattering angle for different diam-
eters of the polystyrene microspheres. The refractive index of
the scattering particles (polystyrene microspheres) and the
surrounding medium (distilled water) was set to be 1.58 and
1.33, respectively. For 0.4 um polystyrene microspheres,
the probability of angular distribution of the scattering pho-
tons is relatively homogeneous versus the scattering angle.
But with increasing scattering particle size, the probability
of angular distribution of the scattering photons exhibits
a strong forward-scattering peak. These residual forward-
scattered photons could be collected for the turbid media
with increasing scattering particle sizes for a direct imaging
method at the same OD.

Compared with direct imaging, a higher contrast of the
image can be acquired using the SF imaging for the three
turbid media. Due to the different spatial distributions at
the spatial Fourier-spectrum plane, the ballistic photons
transmitted through the aperture and parts of the scattering
photons can be eliminated by the SF. Thus the contrast of the
image acquired with the SF was improved. However, the
contrast of the images for the SF imaging was significantly
decreased with increasing OD and scattering particle size.
For the turbid media of 0.4 um polystyrene microspheres
suspensions, the contrast of the images decreased from
0.74 to 0.59, and the contrast of the images decreased
from 0.80 to 0.36 for the turbid media of 3.1 um polystyrene
microspheres suspensions. Also, the contrast of the images
decreased from 0.53 to 0.10 when varying the ODs from
6.2 to 9.3 for the turbid media of 15.0 um polystyrene micro-
spheres suspensions. The results shows that although the
aperture of the SF imaging system could block most of
the scattering photons, some paraxial scattering photons

270

Fig. 4 Polar plots of scattered intensity versus scattering angle for
0.4, 3.1, and 15.0 um microspheres, respectively.
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were still able to transfer through the optical train and were
imaged on the CCD. Moreover, the residual paraxial scatter-
ing photons increased with increasing OD and the scattering
particles size of the turbid media due to increased numbers of
the forward-scattering photons.

For the OKG imaging, the contrast of the images
decreased from 0.76 to 0.74, from 0.87 to 0.73, and from
0.77 to 0.67 for the turbid media of 0.4, 3.1, and 15.0 pum
polystyrene microspheres suspensions, respectively. Because
of the temporal and spatial gate effects of the OKG, the scat-
tered photons can be more effectively eliminated in the OKG
imaging system. Thus the contrasts of images for the OKG
imaging were much higher and more stable than that for the
SF imaging. The experimental results showed that the OKG
imaging was a promising imaging technique for highly tur-
bid media and the image contrast was superior to that of the
SF imaging. It should be also noted that the contrast of the
images for the OKG imaging experienced a slight decrease
with increasing OD. We attribute this to the influence of the
scattering photons from the gating beam when the ballistic
photons were scarce in the highly turbid media.

In order to eliminate these scattering gating photons, an
SF was inserted before the CCD camera in the OKG imaging
system. The SF was composed of two 10-mm focal length
lenses and a 1-mm diameter aperture at the confocal plane.
Figure 5(a) shows the contrast of the images using the com-
pound imaging system. The turbid media used here were the
monodisperse suspensions of 15.0 um polystyrene micro-
spheres. We can see that the contrast of the images for
the compound imaging were all above 0.80 when varying
the ODs from 6.3 to 9.2, but the contrast of the image
decreased from 0.77 to 0.67 for the OKG imaging in
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Fig. 5 The contrast and intensity of the images using the combination
of the OKG and SF at different ODs: (a) contrast of the images and
(b) intensity of the images.
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Fig. 3(c). Moreover, the intensity of the images for the com-
pound imaging is also shown in Fig. 5(b), and is well fitted
by an exponential function. The experimental result con-
forms very well to the Beer—Lambert relation, demonstrating
that all of scattered photons were efficiently rejected by the
combined imaging system.

It should be noted that the suspensions of polystyrene
microspheres used in our experiment could be used to sim-
ulate practical scattering environments, such as biological
tissues and fuel sprays of engines. For these strong scattering
environments, the OKG imaging method has important
potential applications because it more effectively eliminated
the scattered photons. The SF imaging system is more suit-
able for applications in weak scattering environments.

4 Conclusions

In conclusion, we demonstrated a ballistic imaging technique
for an object hidden behind turbid media based on the femto-
second OKG and SF. Based on the two methods, we studied
the influences of both the ODs and scattering particle sizes of
the turbid media on the image contrast. The experimental
results indicated that, compared with the direct imaging,
the image contrast of the SF imaging was improved for a
given OD because part of the scattering photons can be elim-
inated by the SF at the spatial Fourier-spectrum plane. But
the image contrast of the SF imaging significantly decreases
with increasing OD and scattering particles size of the turbid
media because of the increased residual paraxial scattering
photons. Also, a higher and more stable image contrast
can be obtained for the OKG imaging because the temporal
and spatial gate effects of the OKG more effectively elimi-
nates more scattered photons. For eliminating the residual
scattering gating photons, an SF was inserted before the
CCD camera in the OKG imaging system, which further
improved the contrast of the image.
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